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Abstract. Magnetic resonance spectroscopy (MRS) allows the analysis of biochemical 
processes non invasively and in vivo. Still, its application in clinical diagnostics is rare. Routine 
MRS is limited to spatial, chemical and temporal resolutions of cubic centimetres, mM and 
minutes. In fact, the signal of many metabolites is strong enough for detection, but the 
resonances significantly overlap, exacerbating identification and quantification. In addition, the 
signals of water and lipids are much stronger and dominate the entire spectrum. To suppress 
the background and isolate selected signals, usually, relaxation times, J-coupling and 
chemical shifts are used. Here, we propose methods to isolate the signals of selected 
molecular groups within endogenous metabolites by using long-lived spin states (LLS). We 
exemplify the method by preparing the LLSs of coupled protons in the endogenous molecules 
N-acetyl-L-aspartic acid (NAA). First, we store polarization in long-lived, double spin states 
and then apply saturation pulses and double quantum filters to suppress background signals. 
We show that LLS can be used to selectively prepare and measure the signals of chosen 
metabolites or drugs in the presence of water, inhomogeneous field and highly concentrated 
fatty solutions. The pH measurement presented here is one of the possible applications. 
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1. Introduction 
Magnetic resonance (MR) has found a multitude of applications in medical imaging, from 
anatomy to motion, function and metabolism.1–3 Likely, one of the most promising, yet least 
delivering applications is in vivo MR spectroscopy (MRS). MRS provides a non-invasive 
window into the biochemistry of living organisms – basically a virtual biopsy. Alas, it does not 
live up to this promise, as MRS is rarely used in routine diagnostics.  
The success of MRS is hampered by the interplay of two major issues: first, a comparably 
weak signal of the metabolites of interest, and second, confounding overlapping resonances 
and strong background signals mostly from water and lipids. As a result, most of the time, only 
highly concentrated metabolites are detected, such as the major brain metabolites N-acetyl-
L-aspartic acid (NAA), creatine (Cr), choline (Cho), myo-Inositol (Myo), lactate and alanine. 
For example, up to 0.1 % of the brain tissue wet weight of mammals belongs to NAA4 which 
is associated with neuronal integrity.5,6 
2H-enriched, nonradioactive molecules like 2H-glucose are used to obtain background-free 
spectra in vivo. Valuable insights into biochemistry were gained by this approach.7,8 However, 
because of the limited amount of substrate that can be administered in conjunction with the 
low gyromagnetic ratio of 2H, the signal remains low and does not allow routine high-resolution 
imaging.  
Hyperpolarization techniques boost the signal of selected, isotopically labelled metabolites. 
This way, the fate of a dedicated, polarized agent can be followed in vivo with increased 
spatial, chemical and temporal resolution.9–11 For example, hyperpolarization allows imaging 
the distribution of the hyperpolarized agent, mapping of tissue pH or metabolic conversion.12 
These methods provide different information than conventional MRS without injections, where 
the stable metabolic equilibrium is measured. 
In humans, hyperpolarization has shown great promise for imaging prostate cancer, brain 
cancer, monitoring therapy response, heart metabolism and lung imaging.13–18 Still, the 
method is limited by the relatively short lifetime of the signal enhancement and thus short 
observation window, as well as the limited amount of hyperpolarized agent that can be 
injected. Additional requirements include a polarizer, specialized imaging sequences and an 
X-nuclei channel for the MR system.19–22 
In fact, one may argue that the signals of many metabolites are already strong enough for 
many applications without further enhancement. Unfortunately, it is difficult to isolate the signal 
of an individual metabolite in the densely packed 1H spectrum of the human brain; the 
resonances of many interesting metabolites overlap or differ only by a few parts per million. 
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Thus, much inventiveness has gone into the development of suppression and spectral editing 
techniques,6,23–26 exploiting differences in chemical shift, relaxation times or J-couplings. 
The presence of numerous small molecules, “macromolecules” and fat greatly complicates 
the analysis of a spectrum; all aliphatic protons abundant in fat and small molecules occupy 
the same chemical shift region of 1-5 ppm. Therefore, usually, only the sharpest singlets or 
doublets signals of CH3 protons of small molecules are prominent in 1H-MRS.1,6,25,26  
In order to get more information from the spectra, the suppression of undesired chemicals 
using contrast-enhancing singlet states (SUCCESS) was proposed by DeVience et al.27 Not 
unlike SUCCESS, here, we selectively prepare the signal of specific, endogenous metabolites 
by means of singlet-state encoded MR (SISTEM). We show that this method may serve 
purposes beyond background suppression e.g. for imaging pH. 
Often, the singlet state of strongly coupled nuclei is much longer lived (TLLS) than the 
corresponding longitudinal magnetization (T1).28–30 It was suggested to use such long-lived 
states (LLS) as a new MR contrast,31 to measure slow diffusion32 or chemical exchange.33 But 
the long lifetime is not the only unique property of LLSs. Just as interesting is that broad-band 
decoupling or continuous-wave excitation (CW) preserve these states and even prolong their 
lifetime,34 while “normal” magnetization is depleted.  
2. Methods and Materials 
2.1. Chemistry 
N-acetyl-L-aspartic acid (NAA, Sigma-Aldrich, 00920, CAS: 997-55-7), DL-lactic acid (Sigma-
Aldrich, 69785, CAS: 50-21-5), L-alanine (Sigma-Aldrich, A7469, CAS: 56-41-7), creatine 
monohydrate (Sigma-Aldrich, C3630, CAS: 6020-87-7), choline chloride (Sigma-Aldrich, 
C7017, CAS: 67-48-1), L-glutamic acid (Sigma-Aldrich, 49449, CAS: 56-86-0), myo-Inositol 
(Sigma-Aldrich, I7508, CAS: 87-89-8) were purchased and used without further purification.  
Model solution 1 (MS1): Each of the substrates listed above was dissolved in D2O (Deutero 
GmbH, 00506) to yield a concentration of 10 mM. pH was adjusted to the desired value by 
adding NaOD (Deutero GmbH, 03703) or DCl (Sigma Aldrich, 543047); pH-dependent NMR 
spectra of all substrates are given in SI. Note that only NAA is discussed in the main text.  
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Scheme 1. Chemical structure of N-acetyl-L-aspartic acid (NAA). The methyl protons (a, b) were 
used for SISTEM. The protons have J-coupling constant of 16 -17 Hz with a chemical shift of 2.5 – 
3 ppm depending on pH (SI). 
Model solution 2 (MS2): a solution of 10 mM NAA in 300 μl D2O was mixed with 300 μl food-
grade dairy cream (30% fat concentration).  
Model solution 3 (MS3): 100 mM NAA were dissolved in 1500 μl deionized H2O.  
2.2. NMR and MRI 
All high-resolution NMR spectra were acquired on a 600 MHz spectrometer (Bruker Avance 
II) with a cryogenically cooled probe (TCI) and 5 mm NMR tubes (Wilmad).  
Nonlocalized spectra were acquired with a 7 T MRI with a 30 cm diameter of the inner bore 
(Bruker 7/30 ClinScan), equipped with a 1H transmit-receive volume coil with an inner diameter 
of 8 cm for excitation and a single loop surface coil with an inner diameter of 0.9 cm for 
detection.35 MS3 was filled into a 1.5 ml container (Eppendorf vial) and placed in the pick-up 
coil at the isocenter of the magnet. 
Routine nonlocalized spectroscopy and inversion recovery sequence were used; SISTEM-1 
and 2 were implemented using the manufacturer's software (TopSpin 3.2 or Siemens VB15, 
IDEA 1.5b1.63). The same software was used to process data. Only square RF-pulses and 
trapezoidal gradients were used. 
2.3. Quantification methods 
The signals were quantified by integrating phased (or amplitude spectra, if explicitly 
mentioned).  
A mono-exponential recovery function was fitted to integrals to extract the T1-relaxation times.  
To measure the lifetime of LLS, TLLS, SISTEM-1 was repeated for various settings of 𝜏𝑑 
(Figure 2A). A two exponential decay function was fitted to the data, and the longest time was 
attributed to TLLS. 
The signal in SISTEM-1 experiment as a function of 𝜏1-interval was fitted with the function:  
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𝑏
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𝑏
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𝐶𝐻2
𝑏
𝐶𝐻 .  
This equation was obtained by using product operators36 in the same way as was done for a 
2-spin system.33,37 The cosines are a result of the J-coupling interaction of CH2 protons with a 
CH. The square of all component is a result of magnetization transfer to singlet state and 
backwords. 
2.4. Pulse sequence 
In general, SISTEM is composed of five steps with different functions (Figure 1), some of 
which may occur at the same time.  
Step 1: In the first stage, thermal spin magnetization is transferred to the population of a singlet 
spin state and zero-quantum coherences (ZQCs). To reach this goal, several methods were 
proposed.38–41 We chose the method proposed by Sarkar et al. 33 (Sarkar-II) because it is 
independent of frequency offsets and uses only hard RF-pulses and gradients. To suppress 
high order quantum coherences, we added a spoiler gradient after this stage (Figure 2A, 4A). 
 
Figure 1. Suggested 5-step SISTEM pulse sequence: (1) magnetization of 1H nuclei is transferred to 
their LLSs (and zero-quantum coherences); (2) encoding a feature (here: chemical shift difference that 
can be correlated with the pH value, Figures 4, 5); (3) background suppression: only singlet spin states 
(or with zero-quantum coherences) pass through the filter; (4) conversion of singlet state into observable 
magnetization and (5), MR signal detection. 
Step 2: The second stage is used to encode a dedicated feature (e.g. chemical exchange,33 
diffusion42 or pH). Here, we encode the chemical shift difference of NAA-CH2 protons by 
introducing a free evolution interval 𝜏2 (Figures 2A, 4A). During this stage, in-phase and out-
of-phase ZQCs mutually alternate.33 
Step 3: The goal of the third stage is to suppress all non-singlet states. We implemented two 
variants: strong broadband decoupling on the NMR device (SISTEM-1, Figure 2A), and Only-
Parahydrogen SpectroscopY with double quantum coherence filter (OPSYd) on the MRI 
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system (SISTEM-2, Figure 4A).35,43 Note that the deposition of r.f. energy by OPSYd is much 
lower than that of decoupling. 
Step 4: During the fourth stage, LLSs and ZQCs are transferred back to observable 
magnetization. For SISTEM-1, we used the second block of the Sarkar-II sequence (out of 
phase echo block, Figure 2A). For SISTEM-2, this function is accomplished with OPSYd 
(Figure 4A). 
Step 5: During the final stage, MR signal is acquired e.g. by pulse-acquisition experiments or, 
possibly, imaging.  
3. Results 
3.1. SISTEM-1 on a high-resolution NMR spectrometer 
First, we used the NMR spectrometer to optimize SISTEM-1 for preparing the NAA-CH2 
resonance. (SARKAR-II,33 Figure 2A, MS1). 1H spectra were acquired for 13 different settings 
of𝜏1, and eq. 1 was fitted to the data. An optimal 𝜏1 ≈ 12 ms was determined (Figure 2B). 
It should be noted that SISTEM-I was designed with a 2-spin-½ system in mind. NAA, 
however, is effectively a 3 spin-½ system (CH-CH2, Scheme 1), therefore the efficiency of the 
sequence was reduced. Still, the LLS was successfully populated, and the lifetime of TLLS = 
6.5 s was almost 6 times longer than T1 ≈ 1 s (Figure 2B,C, at 14.1 T with 2.5 kHz WALTZ-16 
decoupling44). 
 
Figure 2. Scheme (A) and optimization (B) of SISTEM-1, as well as the measurement of TLLS and 
T1 for NAA-CH2 (C). To optimize SISTEM-1, the NAA-CH2 signal was acquired as a function of 𝜏1 and 
eq. 1 was fitted to the data (B, 𝜏𝑑 = 1 s). The lifetime of LLS was measured to TLLS ≈ 6.5 s by varying 𝜏𝑑 
(C, red 𝑤𝑖𝑡ℎ 𝜏1 = 8 ms), and fitting a two exponential decay function to the data. T1 of NAA-CH2 was 
measured by an inversion recovery (IR) experiment, yielding T1 ≈ 1 s (C, blue). Parameters: WALTZ-
16 decoupling with 2.5 kHz RF-field amplitude at 600 MHz. No phase cycling was used. 
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Next, we used a 1:1 mixture of water and dairy cream with 30% fat (MS2, Figure 3B, C). To 
evaluate the performance of the method in a field with poor homogeneity, we refrained from 
shimming. The resulting linewidth was irregular with a full width at half maximum of ≈ 30 Hz, 
resembling in vivo conditions. 
As expected, the spectrum of a standard, 90° pulse-acquisition experiment (without any 
suppression techniques) was dominated by fat and water resonances, while only very little 
NAA was apparent (Figure 3B). Using SISTEM-1, however, the fat and water signals were 
strongly suppressed, allowing to increase the receiver gain (rg) 320 times (linear, Figure 3C).  
The SISTEM-1 spectrum showed well-resolved resonances of NAA-CH2, but no signal from 
the NAA-CH3 group, which normally dominates the spectrum. In addition, some water signal 
and some residues of lipid-(CH2)n were found at ≈ 1.3 ppm. The signals in the range 3.5 – 4.5 
ppm were attributed to lactose resonances, which is expected to be abundant in a dairy cream. 
 
Figure 3. 1H NMR spectra of NAA in D2O (MS1) and homogeneous field (A), NAA in aqueous-
cream solution (MS2) with poor field homogeneity acquired by standard NMR (B) and edited by 
SISTEM-1 (C). Water (4.7 ppm) and lipid resonances (0.9 – 2.2 ppm range)45 dominated the routine 
NMR spectrum (B) but were effectively suppressed by SISTEM-1 (C), allowing to increase the receiver 
gain (rg) by 320 folds. The NAA-CH2 resonance was well prepared by SISTEM-1 (dashed oval). 
Interestingly, two other resonances at ≈ 3.8 ppm were also prepared by SISTEM-1. These chemical 
shifts coincide well with those of lactose.46 Parameters of SISTEM-1: 𝜏1 = 8 ms, 𝜏𝑑 =1 s, number of 
scans was 8, no phase cycling, WALTZ-16 decoupling with 2.5 kHz RF- amplitude. 
3.2. SISTEM-2 on a 7 T small animal MRI system 
For in vivo applications, care must be taken when using decoupling because much energy 
may be deposited in the tissue. To circumvent this issue, we propose to use OPSYd instead 
of decoupling (SISTEM-2, Figure 4A). Note that in this case, an additional magnetization to 
singlet transfer stage is no longer required.  
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We implemented SISTEM-2 on a preclinical 7 T MRI. Again, the spectrum of a standard pulse-
acquisition method was dominated by water signal three orders of magnitude larger than that 
of NAA (MS3). Water and NAA-CH3 signals were strongly suppressed by SISTEM-2, while 
NAA-CH2 signal was retained (Figure 4B, C).  
Selectively preparing specific resonances and suppressing background opens the door for 
new applications. Here, we use it to encode the chemical shift difference of NAA-CH2 protons 
(Δδ𝐶𝐻2) and thus the pH of the solution (see below). Consider the following: the zero-quantum 
coherences evolve during the time period 𝜏2 with the frequency equal to Δδ𝐶𝐻2 (Figure 4D). 
Thus, acquiring SISTEM-2 spectra with different 𝜏2 should allow to precisely measure Δδ𝐶𝐻2. 
Experimentally observed additional modulation of SISTEM-2 signal as a function of time 
(Figure 4E) is caused by a spin-spin interaction with the third CH-proton47,48 and leads to a 
doublet in the spectrum (Figure 4E). The middle point of this doublet is a chemical shift 
difference Δδ𝐶𝐻2 = 53.4 Hz at 7 T or 0.178 ppm. Note that it is impossible to determine such 
splitting in a simple pulse-acquisition experiment with a common in MRI field homogeneity 
worse than 30 Hz.  
Now that the chemical shift difference of NAA-CH2 can be measured much more precisely 
than the poor homogeneity of the magnetic field would normally allow, we can use this 
information to assign pH of the sample. For this purpose, we acquired 7 high-resolution NMR 
reference spectra of NAA at pH 3 – 10. Δδ𝐶𝐻2 was found to collapse for low pH approaching 
2, and to reach a maximum for a pH of 7 or more (≈ 0.2 ppm, Figure 5). According to this 
data, the measured Δδ𝐶𝐻2 = 53.4 Hz at 7 T corresponds to a pH of 5.25±0.1, which compares 
well with the value measured with an electrode. 
Because Δδ𝐶𝐻2 within one and the same molecule is used as pH meter, the method does not 
require any external reference, nor is any correction of magnetic field homogeneity or 
susceptibility needed.49,50 Unfortunately, though, for NAA, most of the Δδ𝐶𝐻2 variation is just 
below the most interesting physiological range of pH. Still, other molecules with more 
appropriate properties may be identified.   
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Figure 4. SISTEM-2 on a 7 T MRI and 𝚫𝛅𝑪𝑯𝟐 evaluation. Schematic view of SISTEM-2 (A). In 
comparison to a pulse-acquisition magnitude spectrum (B), the water signal of MS3 was strongly 
suppressed by SISTEM-2, while the NAA-CH2 signal was maintained (C, magnitude). The chemical 
shift difference Δδ𝐶𝐻2 was determined by Fourier transforming the summed amplitudes of the SISTEM-
2 signal acquired for different 𝜏2 (D). A well-resolved doublet at Δδ𝐶𝐻2 = 53.4 Hz or ≈ 0.18 ppm was 
obtained (E) despite a poor field homogeneity (worse than 30 Hz linewidth in A). Inserts show NAA-CH2 
resonances (B, C).  
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Figure 5. SISTEM-2 allows using 𝚫𝛅𝑪𝑯𝟐 as pH meter. 
1H-NMR spectra (A, MS1) and chemical shift 
difference (in ppm or in Hz at 7 T) of NAA-CH2 protons as a function of pH (B). NMR spectra were 
acquired at 600 MHz, but the relative difference (ppm) is independent of the field strength. The modified 
Hill equation51 was fitted to the Δδ𝐶𝐻2 curve (red line). The intersection of green boxes shows the 
measured value of the chemical shift difference and the corresponding pH value.  
4. Discussion 
Among the multitude of applications suggested for LLS, we showed here that LLS can be used 
to selectively prepare the signals of dedicated metabolites in the presence of water, 
inhomogeneous magnetic field and highly concentrated fatty solutions. Magnetization 
prepared with SISTEM is easier to quantify because the background is greatly suppressed. 
One application of this technique may be the measurement of endogenous brain metabolites, 
either of a whole-brain at once6 or as a part of localized spectroscopy methods. Another 
application may be to image the biodistribution of drugs such as ethosuximide (ETX, 
Zarontin).52 ETX is a medication used to treat absence seizures. Simulations suggest that 
SISTEM will work on ETX just as well as on NAA. 
The measurement of pH values may be another promising application. Use of ZQCs for pH 
encoding is advantageous because no external reference is needed and this value is not 
affected by magnetic field inhomogeneity. The sequence is not limited to CH2 groups only. For 
11 
 
example, fragments such as CH-CH3 (e.g. lactate, alanine) or other groups of molecules of 
interest can be selected as well.27  
While the conditions investigated here were used to approach the situation in vivo, obviously, 
only in vitro experiments were presented here. If the method has any value for in vivo 
biomedical applications has yet to be shown. Still, these first results are promising. 
5. Conclusion 
We showed that LLS prepared by SISTEM can be used to selectively prepare and measure 
the signals of chosen metabolites or drugs in the presence of water, inhomogeneous field and 
highly concentrated fatty solutions. Very strong suppression of unwanted signals was 
observed on an NMR and MRI system, and the chemical shift difference of the NAA-CH2 
protons was used for measuring pH. In vivo tests are required to see if this method has a 
biomedical relevance.  
Supporting materials 
NMR spectra of all substrates listed in the methods and chemical shifts and J-coupling values 
for NAA as a function of pH. 
ORCID 
Andrey Pravdivtsev https://orcid.org/0000-0002-8763-617X 
F. D. Sönnichsen https://orcid.org/0000-0002-4539-3755  
Jan-Bernd Hövener https://orcid.org/0000-0001-7255-7252  
Acknowledgements 
We acknowledge support by the Emmy Noether Program “metabolic and molecular 
MR” (HO 4604/2-2), the research training circle “materials for brain” (GRK 2154/1-
2019), DFG - RFBR grant (HO 4604/3-1, № 19-53-12013), the German Federal 
Ministry of Education and Research (BMBF) within the framework of the e:Med 
research and funding concept (01ZX1915C), cluster of Excellence “precision medicine 
in inflammation” (PMI 1267). Kiel University and the Medical Faculty are acknowledged 
for supporting the Molecular Imaging North Competence Center (MOIN CC) as a core 
facility for imaging in vivo. MOIN CC was founded by a grant from the European 
Regional Development Fund (ERDF) and the Zukunftsprogramm Wirtschaft of 
Schleswig-Holstein (Project no. 122-09-053). 
Abbreviations: 
MRS – Magnetic resonance spectroscopy 
12 
 
LLS – long-lived spin states; 
NAA – N-acetyl-L-aspartic acid; 
SUCCESS – suppression of undesired chemicals using contrast-enhancing singlet states 
SISTEM – singlet-state encoded magnetic resonance spectroscopy 
CW – continuous-wave excitation 
OPSYd – Only-Parahydrogen SpectroscopY with double quantum coherence filter 
References 
1.  Robin A. de Graaf. In Vivo NMR Spectroscopy: Principles and Techniques. Second edition. Wiley; 
2014. doi:10.1002/9780470512968.ch2 
2.  McRobbie DW, Moore EA, Graves MJ, Prince MR. MRI from Picture to Proton.; 2006. 
3.  Xu V, Chan H, Lin AP, et al. MR Spectroscopy in Diagnosis and Neurological Decision-Making. 
Semin Neurol. 2008;28(4):407-422. doi:10.1055/s-0028-1083685 
4.  Tallan HH. Studies on the distribution of N-acetyl-L-aspartic acid in brain. J Biol Chem. 
1957;224(1):41-45. 
5.  Ross B, Bluml S. Magnetic resonance spectroscopy of the human brain. Anat Rec. 
2001;265(2):54-84. doi:10.1002/ar.1058 
6.  Rigotti DJ, Inglese M, Gonen O. Whole-Brain N-Acetylaspartate as a Surrogate Marker of 
Neuronal Damage in Diffuse Neurologic Disorders. Am J Neuroradiol. 2007;28(10):1843-1849. 
doi:10.3174/ajnr.A0774 
7.  Feyter HMD, Behar KL, Corbin ZA, et al. Deuterium metabolic imaging (DMI) for MRI-based 3D 
mapping of metabolism in vivo. Science Advances. 2018;4(8):eaat7314. 
doi:10.1126/sciadv.aat7314 
8.  McDouall JBL, Evelhoch JL. Deuterium Nuclear Magnetic Resonance Imaging of Tracer 
Distribution in D2O Clearance Measurements of Tumor Blood Flow in Mice. Cancer Res. 
1990;50(2):363-369. 
9.  Kovtunov KV, Pokochueva E, Salnikov O, et al. Hyperpolarized NMR: d-DNP, PHIP, and SABRE. 
Chem Asian J. 2018;13(15):1857-1871. doi:10.1002/asia.201800551 
10.  Hövener J-B, Pravdivtsev AN, Kidd B, et al. Parahydrogen‐Based Hyperpolarization for 
Biomedicine. Angew Chem Int Ed. 2018;57(35):11140-11162. doi:10.1002/anie.201711842 
11.  Kurhanewicz J, Vigneron DB, Ardenkjaer-Larsen JH, et al. Hyperpolarized 13C MRI: Path to 
Clinical Translation in Oncology. Neoplasia. 2019;21(1):1-16. doi:10.1016/j.neo.2018.09.006 
12.  Hundshammer C, Düwel S, Schilling F. Imaging of Extracellular pH Using Hyperpolarized 
Molecules. Isr J Chem. 2017;57(9):788-799. doi:10.1002/ijch.201700017 
13.  Schröder L, Lowery TJ, Hilty C, Wemmer DE, Pines A. Molecular Imaging Using a Targeted 
Magnetic Resonance Hyperpolarized Biosensor. Science. 2006;314(5798):446-449. 
doi:10.1126/science.1131847 
13 
 
14.  Day SE, Kettunen MI, Gallagher FA, et al. Detecting tumor response to treatment using 
hyperpolarized 13C magnetic resonance imaging and spectroscopy. Nat Med. 
2007;13(11):1382-1387. doi:10.1038/nm1650 
15.  Boumezbeur F, Petersen KF, Cline GW, et al. The Contribution of Blood Lactate to Brain Energy 
Metabolism in Humans Measured by Dynamic 13C Nuclear Magnetic Resonance Spectroscopy. 
J Neurosci. 2010;30(42):13983-13991. doi:10.1523/JNEUROSCI.2040-10.2010 
16.  Dregely I, Ruset IC, Mata JF, et al. Multiple-exchange-time xenon polarization transfer contrast 
(MXTC) MRI: Initial results in animals and healthy volunteers. Magn Reson Med. 
2012;67(4):943-953. doi:10.1002/mrm.23066 
17.  Nelson SJ, Kurhanewicz J, Vigneron DB, et al. Metabolic Imaging of Patients with Prostate 
Cancer Using Hyperpolarized [1-13C]Pyruvate. Sci Transl Med. 2013;5(198):198ra108-
198ra108. doi:10.1126/scitranslmed.3006070 
18.  Cunningham CH, Lau JYC, Chen AP, et al. Hyperpolarized 13C Metabolic MRI of the Human 
Heart. Circ Res. 2016;119(11):1177–1182. 
19.  Ardenkjær-Larsen JH, Fridlund B, Gram A, et al. Increase in signal-to-noise ratio of >10,000 
times in liquid-state NMR. PNAS. 2003;100(18):10158-10163. doi:10.1073/pnas.1733835100 
20.  Mugler JP, Driehuys B, Brookeman JR, et al. MR imaging and spectroscopy using hyperpolarized 
129Xe gas: Preliminary human results. Magn Reson Med. 2005;37(6):809-815. 
doi:10.1002/mrm.1910370602 
21.  Perman WH, Bhattacharya P, Leupold J, et al. Fast volumetric spatial-spectral MR imaging of 
hyperpolarized 13C-labeled compounds using multiple echo 3D bSSFP. Magn Reson Imaging. 
2010;28(4):459-465. doi:10.1016/j.mri.2009.12.003 
22.  Kishimoto S, Brender JR, Crooks DR, et al. Imaging of glucose metabolism by 13C-MRI 
distinguishes pancreatic cancer subtypes in mice. DeBerardinis R, ed. eLife. 2019;8:e46312. 
doi:10.7554/eLife.46312 
23.  Ogg RJ, Kingsley RB, Taylor JS. WET, a T1- and B1-Insensitive Water-Suppression Method for in 
Vivo Localized 1H NMR Spectroscopy. Journal of Magnetic Resonance, Series B. 1994;104(1):1-
10. doi:10.1006/jmrb.1994.1048 
24.  Spielman DM, Pauly JM, Macovski A, Glover GH, Enzmann DR. Lipid-suppressed single-and 
multisection proton spectroscopic imaging of the human brain. J Magn Reson Imaging. 
1992;2(3):253-262. doi:10.1002/jmri.1880020302 
25.  Hövener J-B, Rigotti DJ, Amann M, et al. Whole-Brain N-Acetylaspartate MR Spectroscopic 
Quantification: Performance Comparison of Metabolite versus Lipid Nulling. Am J Neuroradiol. 
June 2008. doi:10.3174/ajnr.A1171 
26.  Mullins PG, McGonigle DJ, O’Gorman RL, et al. Current practice in the use of MEGA-PRESS 
spectroscopy for the detection of GABA. NeuroImage. 2014;86:43-52. 
doi:10.1016/j.neuroimage.2012.12.004 
27.  DeVience SJ, Walsworth RL, Rosen MS. Nuclear spin singlet states as a contrast mechanism for 
NMR spectroscopy. NMR Biomed. 2013;26(10):1204-1212. doi:10.1002/nbm.2936 
14 
 
28.  Carravetta M, Johannessen OG, Levitt MH. Beyond the T1 Limit: Singlet Nuclear Spin States in 
Low Magnetic Fields. Phys Rev Lett. 2004;92(15):153003. doi:10.1103/PhysRevLett.92.153003 
29.  Levitt MH. Singlet Nuclear Magnetic Resonance. Annu Rev Phys Chem. 2012;63(1):89-105. 
doi:10.1146/annurev-physchem-032511-143724 
30.  Stevanato G, Hill-Cousins JT, Håkansson P, et al. A Nuclear Singlet Lifetime of More than One 
Hour in Room-Temperature Solution. Angew Chem Int Ed. 2015;54(12):3740-3743. 
doi:10.1002/anie.201411978 
31.  Kiryutin AS, Zimmermann H, Yurkovskaya AV, Vieth H-M, Ivanov KL. Long-lived spin states as a 
source of contrast in magnetic resonance spectroscopy and imaging. Journal of Magnetic 
Resonance. 2015;261(Supplement C):64-72. doi:10.1016/j.jmr.2015.10.004 
32.  C. Tourell M, Pop I-A, J. Brown L, D. Brown RC, Pileio G. Singlet-assisted diffusion-NMR (SAD-
NMR): redefining the limits when measuring tortuosity in porous media. Phys Chem Chem 
Phys. 2018. doi:10.1039/C8CP00145F 
33.  Sarkar R, Vasos PR, Bodenhausen G. Singlet-State Exchange NMR Spectroscopy for the Study of 
Very Slow Dynamic Processes. J Am Chem Soc. 2007;129(2):328-334. doi:10.1021/ja0647396 
34.  DeVience SJ, Walsworth RL, Rosen MS. Dependence of nuclear spin singlet lifetimes on RF spin-
locking power. Journal of Magnetic Resonance. 2012;218(Supplement C):5-10. 
doi:10.1016/j.jmr.2012.03.016 
35.  Pravdivtsev AN, Kozinenko VP, Hövener J-B. Only Para-Hydrogen Spectroscopy (OPSY) 
Revisited: In-Phase Spectra for Chemical Analysis and Imaging. J Phys Chem A. 
2018;122(45):8948-8956. doi:10.1021/acs.jpca.8b07459 
36.  Sørensen OW, Eich GW, Levitt MH, Bodenhausen G, Ernst RR. Product operator formalism for 
the description of NMR pulse experiments. Prog Nucl Magn Reson Spectrosc. 
1984;16(Supplement C):163-192. doi:10.1016/0079-6565(84)80005-9 
37.  Pravdivtsev AN, Sönnichsen F, Hövener J-B. OnlyParahydrogen SpectrosopY (OPSY) pulse 
sequences – One does not fit all. J Magn Reson. 2018;297:86-95. 
doi:10.1016/j.jmr.2018.10.006 
38.  Pileio G, Carravetta M, Levitt MH. Storage of nuclear magnetization as long-lived singlet order 
in low magnetic field. PNAS. 2010;107(40):17135-17139. doi:10.1073/pnas.1010570107 
39.  DeVience SJ, Walsworth RL, Rosen MS. Preparation of Nuclear Spin Singlet States Using Spin-
Lock Induced Crossing. Phys Rev Lett. 2013;111(17):173002. 
doi:10.1103/PhysRevLett.111.173002 
40.  Pravdivtsev AN, Kiryutin AS, Yurkovskaya AV, Vieth H-M, Ivanov KL. Robust conversion of 
singlet spin order in coupled spin-1/2 pairs by adiabatically ramped RF-fields. J Magn Reson. 
2016;273(Supplement C):56-64. doi:10.1016/j.jmr.2016.10.003 
41.  Elliott SJ, Stevanato G. Homonuclear ADAPT: A general preparation route to long-lived nuclear 
singlet order. Journal of Magnetic Resonance. 2019;301:49-55. doi:10.1016/j.jmr.2019.02.005 
15 
 
42.  Pileio G, Ostrowska S. Accessing the long-time limit in diffusion NMR: The case of singlet 
assisted diffusive diffraction q-space. Journal of Magnetic Resonance. 2017;285(Supplement 
C):1-7. doi:10.1016/j.jmr.2017.10.003 
43.  Aguilar JA, Adams RW, Duckett SB, Green GGR, Kandiah R. Selective detection of 
hyperpolarized NMR signals derived from para-hydrogen using the Only Para-hydrogen 
SpectroscopY (OPSY) approach. Journal of Magnetic Resonance. 2011;208(1):49-57. 
doi:10.1016/j.jmr.2010.10.002 
44.  Shaka AJ, Keeler J, Frenkiel T, Freeman R. An improved sequence for broadband decoupling: 
WALTZ-16. Journal of Magnetic Resonance (1969). 1983;52(2):335-338. doi:10.1016/0022-
2364(83)90207-X 
45.  Strobel K, Hoff J van den, Pietzsch J. Localized proton magnetic resonance spectroscopy of 
lipids in adipose tissue at high spatial resolution in mice in vivo. J Lipid Res. 2008;49(2):473-
480. doi:10.1194/jlr.D700024-JLR200 
46.  Wishart DS, Knox C, Guo AC, et al. HMDB: a knowledgebase for the human metabolome. 
Nucleic Acids Res. 2009;37(suppl_1):D603-D610. doi:10.1093/nar/gkn810 
47.  Pravdivtsev AN, Yurkovskaya AV, Petrov PA, Vieth H-M. Coherent evolution of singlet spin 
states in PHOTO-PHIP and M2S experiments. Phys Chem Chem Phys. 2017;19(38):25961-25969. 
doi:10.1039/C7CP04122E 
48.  Torres O, Procacci B, Halse ME, et al. Photochemical Pump and NMR Probe: Chemically Created 
NMR Coherence on a Microsecond Time Scale. J Am Chem Soc. 2014;136(28):10124-10131. 
doi:10.1021/ja504732u 
49.  Jiang W, Lumata L, Chen W, et al. Hyperpolarized 15N-pyridine Derivatives as pH-Sensitive MRI 
Agents. Sci Rep. 2015;5. doi:10.1038/srep09104 
50.  Düwel S, Hundshammer C, Gersch M, et al. Imaging of pH in vivo using hyperpolarized 13C-
labelled zymonic acid. Nature Communications. 2017;8:15126. doi:10.1038/ncomms15126 
51.  Farrell D, Miranda ES, Webb H, et al. Titration_DB: Storage and analysis of NMR-monitored 
protein pH titration curves. Proteins: Structure, Function, and Bioinformatics. 2010;78(4):843-
857. doi:10.1002/prot.22611 
52.  Bourgeois BF. Combination of valproate and ethosuximide: antiepileptic and neurotoxic 
interaction. J Pharmacol Exp Ther. 1988;247(3):1128-1132. 
 
 
S-1 
 
Supporting materials 
 
Singlet state encoded magnetic resonance (SISTEM) spectroscopy 
Andrey N. Pravdivtsev,*[a] Frank D. Sönnichsen[b] and Jan-Bernd Hövener[a] 
[a] Section Biomedical Imaging, Molecular Imaging North Competence Center (MOIN CC), Department of 
Radiology and Neuroradiology, University Medical Center Kiel, Kiel University (http://www.moincc.de/) 
Am Botanischen Garten 14, 24118, Kiel, Germany  
E-mails: andrey.pravdivtsev@rad.uni-kiel.de; jan.hoevener@rad.uni-kiel.de  
 
[b] Otto Diels Institute for Organic Chemistry, Kiel University, Otto Hahn Platz 5, 24098, Kiel, Germany 
  
S-2 
 
Table of content 
1. N-acetyl-L-aspartic acid ........................................................................................................ S-3 
2. DL-Lactic acid ........................................................................................................................ S-4 
3. L-Alanine ................................................................................................................................ S-5 
4. Creatine monohydrate ........................................................................................................... S-6 
5. Choline chloride ..................................................................................................................... S-7 
6. L-Glutamic acid ...................................................................................................................... S-8 
7. Myo-Inositol ............................................................................................................................ S-9 
 
 
  
S-3 
 
1. N-acetyl-L-aspartic acid 
 
Table S1. Chemical shifts, 𝛿, (in ppm) and J-coupling constants, 𝐽, (in Hz) of NAA protons as a 
function of pH (Figure 5). NMR parameters are constant at pH above ~6. NMR spectra acquired 
on a Bruker Avance II 600 MHz were analyzed. 
pH 𝛿(𝐶𝐻3) 𝛿(𝐶𝐻2
𝑎) 𝛿(𝐶𝐻2
𝑏) 𝛿(𝐶𝐻) 𝛿(𝐶𝐻2
𝑏)
− 𝛿(𝐶𝐻2
𝑎) 
𝐽(𝐶𝐻2) 𝐽(𝐶𝐻2
𝑎
− 𝐶𝐻) 
𝐽(𝐶𝐻2
𝑎
− 𝐶𝐻) 
2.72 2.03306 2.93212 2.9485 4.73791 0.01638 17.2 6 6 
3.93 2.02189 2.80271 2.86423 4.58047 0.06152 16.6 7.2 4.8 
4.33 2.01658 2.71001 2.80899 4.504 0.09898 16.2 7.9 4.5 
5.04 2.00821 2.55875 2.72563 4.4191 0.16688 15.9 9.5 3.9 
6.63 2.0041 2.48064 2.68244 4.37907 0.2018 15.7 10.2 3.7 
12 2.00422 2.47755 2.68048 4.37728 0.20293 15.7 10.2 3.7 
 
Table S2. T1 relaxation times of NAA in D2O at pH 6. 
 𝐶𝐻3 𝐶𝐻2
𝑎  𝐶𝐻2
𝑏 𝐶𝐻 
T1, s 1.77 0.88 0.79 4.2 
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2. DL-Lactic acid 
 
 
Figure S1. NMR spectra of 10 mM DL-Lactic acid (La, Sigma-Aldrich, 69785, CAS: 50-21-5) in 
D2O at several pH values. Chemical shifts and J-coupling constants are indicated on figure. NMR 
spectra were acquired on a Bruker Avance II 600 MHz. 
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3. L-Alanine 
 
Figure S2. NMR spectra of 10 mM L-Alanine (Al, Sigma-Aldrich, A7469, CAS: 56-41-7) in D2O at 
several pH values. Chemical shifts and J-coupling constants are indicated on figure. NMR spectra 
were acquired on a Bruker Avance II 600 MHz. 
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4. Creatine monohydrate 
 
 
 
Figure S3. NMR spectra of 10 mM Creatine monohydrate ≥ 98% (Cr, Sigma-Aldrich, C3630, 
CAS: 6020-87-7) in D2O at several pH values. Chemical shifts and J-coupling constants are 
indicated on figure. NMR spectra were acquired on a Bruker Avance II 600 MHz. 
  
S-7 
 
5. Choline chloride 
 
 
 
Figure S4. NMR spectra of 10 mM Choline chloride (Cho, Sigma-Aldrich, C7017, CAS: 67-48-1) 
in D2O at several pH values. Chemical shifts and J-coupling constants are indicated on figure. 
NMR spectra were acquired on a Bruker Avance II 600 MHz. 
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6. L-Glutamic acid 
 
 
 
Figure S5. NMR spectra of 10 mM L-Glutamic acid (Gl, Sigma-Aldrich, 49449, CAS: 56-86-0) in 
D2O at several pH values. NMR spectra were acquired on a Bruker Avance II 600 MHz. 
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7. Myo-Inositol 
 
 
 
Figure S6. NMR spectra of 10 mM myo-Inositol (Sigma-Aldrich, I7508, CAS: 87-89-8) in D2O at 
several pH values. NMR spectra were acquired on a Bruker Avance II 600 MHz. 
 
